The activation of phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)/mammalian target of rapamycin (mTOR) signaling and upregulation of excision repair cross complementation group 1 (ERCC1) are the two most important factors that confer resistance to cisplatin (DDP) therapy in non-small-cell lung cancer (NSCLC). Therefore, inhibition of the PI3K/Akt/mTOR signaling pathway and ERCC1 expression is a potential approach for the treatment of patients with advanced NSCLC. In the present study, whether combined treatment with DDP and BEZ235, a dual PI3K/mTOR inhibitor, could provide a synergistic antitumor effect in A549/DDP cells was investigated, and the possible mechanisms involved were explored. The half-maximal inhibitory concentration (IC 50 ) values were calculated in A549/DDP cells. Synergistic interaction of BEZ235 and DDP was evaluated by combination index (CI) analysis. The levels of phosphorylated Akt (p-Akt), phosphorylated mTOR (p-mTOR), apoptosis-related proteins and ERCC1 were detected by western blot analysis. Apoptotic cells were quantified by flow cytometry and Hoechst 33342 staining. The migration and invasion abilities of A549/DDP cells were evaluated by wound healing and Transwell assays, respectively. It was observed that the dose reduction index (DRI) of BEZ235 was 13.82 and for DDP it was 13.58, and the CI of combination was <1 over a wide range of doses. In addition, the levels of p-Akt, p-mTOR and ERCC1 were significantly elevated by DDP treatment, and were reduced by co-administration of BEZ235 and DDP. Furthermore, the combination treatment significantly induced apoptotic cell death, decreased migration and invasion abilities compared with those treated with either BEZ235 or DDP alone. In conclusion, the combination of BEZ235 with DDP had synergistic antitumor effects in A549/DDP cells as reflected by reduced proliferation, increased apoptosis, and suppression of the migration and invasion abilities of A549/DDP cells, and the mechanism mediating these effects may be associated with the inhibition of PI3K/Akt/mTOR signaling and down regulation of ERCC1 expression.
Introduction
Lung cancer is one of the most common malignant tumors, with the highest rate of morbidity and mortality worldwide (1) . Non-small cell lung cancer (NSCLC) accounts for ~80% of bronchogenic carcinomas, and ~65% of the patients with NSCLC present locally advanced or metastatic disease at the time of diagnosis (2, 3) . Cisplatin [cis-diamminedichloroplatinum (II); DDP] is one of the most effective anticancer drugs for the treatment of lung cancer and other tumors. Although the combination of DDP with third-generation anticancer drugs (gemcitabine, paclitaxel, vinorelbine and docetaxel) has improved the efficiency and overall survival in patients with NSCLC, the development of primary or acquired DDP resistance often reduces the therapeutic efficacy, even leading to treatment failure (4, 5) . Therefore, it is important to explore the mechanisms underlying DDP resistance, and to search for effective strategies that may avoid and overcome drugresistance in NSCLC therapy.
The phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)/mammalian target of rapamycin (mTOR) signaling pathway is involved in the regulation of cell survival, proliferation, differentiation, angiogenesis and apoptosis (6, 7) . Sustained activation of the PI3K/Akt/mTOR signaling pathway promotes cancer cell proliferation, invasion and metastasis, and inhibits cell apoptosis in different types of cancer (8, 9) . In addition, excessive activation of the PI3K/Akt/ mTOR pathway confers resistance to various cancer therapies and is often associated with a poor prognosis of various types of cancer, including NSCLC (10) (11) (12) . Therefore, inhibition
Co-treatment with BEZ235 enhances chemosensitivity of A549/DDP cells to cisplatin via inhibition of PI3K/Akt/mTOR signaling and downregulation of ERCC1 expression
of the PI3K/Akt/mTOR pathway is one of the more efficient strategies to potentiate the antitumor effects of DDP-based treatment for NSCLC. Nucleotide excision repair (NER) is a universal and highly functionally conserved DNA repair pathway that repairs DNA lesions that alter the helical structure of the DNA molecule and interfere with DNA replication and transcription. Excision repair cross complementation group 1 (ERCC1) is one of the most important components of the NER enzyme family due to its involvement in the excision of DNA. During the DNA repair process, ERCC1 dimerizes with xeroderma pigmentosum complementation group F (XPF) forming an ERCC1-XPF complex that has a structure-specific endonuclease activity, which makes the incision 5' to the lesion site (13) . ERCC1-XPF is essential for the repair of DDP-induced DNA adducts. When ERCCl is highly expressed, the efficiency of DNA repair is greatly increased and cancerous cells are able to continue to survive and grow, resulting in tumor resistance to DDP (14, 15) . Several studies have revealed that elevated expression of ERCC1 (and ERCC1-XPF complexes) is associated with DDP resistance and may act as a prognostic marker for poor survival in patients with various types of cancer treated with platinumbased chemotherapy, including NSCLC, breast, gastric and urothelial ovarian cancer (16) (17) (18) (19) . Conversely, suppression of ERCC1 expression can enhance or restore sensitivity to DDP in various types of cancer (20, 21) . In addition, negative ERCC1 expression or low ERCC1 expression was reported to be associated with increased survival in patients with advanced NSCLC treated with platinum-based chemotherapy (22) . Therefore, agents targeting ERCC1 may enhance platinum activity and/ or reverse resistance, although this strategy has to be further validated.
BEZ235, a novel dual PI3K/mTOR inhibitor, can reverse the hyperactivation of the PI3K/Akt/mTOR pathway, resulting in antitumor activity in cancer of various origins (23) (24) (25) . Recently, studies have revealed that combined treatment with AZD6244, Trichostatin A and BEZ235 exerted synergistic antitumor effects on NSCLC cells (26, 27) . However, few studies have extensively examined the synergistic effect between DDP and BEZ235 in NSCLC, and the association between the level of ERCC1 expression and the activity of the PI3K/Akt/mTOR signaling pathway is not fully understood. Hence, in the present study, the following issues were investigated: i) whether combination of BEZ235 with DDP could enhance sensitivity of A549/DDP cells to DDP; and ii) if so, whether the mechanism underlying the synergistic effect of combination therapy was associated with downregulation of ERCC1 expression by BEZ235 in A549/DDP cells.
Materials and methods
Cell culture. The human lung adenocarcinoma cell line (A549) and DDP-resistant A549 cell line (A549/DDP; final concentration of 3.33 µM DDP to maintain drug resistance) were purchased from Guangzhou Biological Technology Co., Ltd. (Guangzhou, China) and the Central South University Advanced Research Center (Hunan, China), respectively. All the cell lines were cultured at 37˚C and 5% CO 2 in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; ExCell, Biology, Inc., Shanghai, China) and 1% penicillin/streptomycin (Beyotime Institute of Biotechnology, Haimen, China). A549/DDP cells were cultured in medium without DDP for 1 week prior to experiments. Exponentially growing cells were used in all experiments.
Reagents. BEZ235 was purchased from Selleck Chemicals (Houston, TX, USA) and dissolved in DMSO at 42˚C to obtain a stock concentration of 5 mM. DDP was purchased from Qilu Pharmaceutical Co., Ltd. (Shandong, China) and dissolved in PBS to obtain a stock concentration of 6.67 mM. BEZ235 and DDP were stored at -80˚C and -20˚C, respectively, and diluted to the desired final concentration in RPMI-1640 medium at the time of use.
Cell viability assay. The cytotoxicity of DDP and BEZ235 was determined using MTT. Cells were seeded into 96-well plates at a density of 5x10 3 cells/well in 100 µl medium and cultured overnight. Subsequently, the cells were incubated with indicated treatments for 48 h, followed by the addition of 5 mg/ml MTT (Biosharp, Hefei, China). Following incubation at 37˚C for 4 h, the formazan crystals in the cells were dissolved in 150 µl DMSO and shaken for 10 min. The absorbance at 490 nm was determined using a microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). To determine whether the combination of drugs was synergistic, additive or antagonistic, the Chou-Talalay method (28) was used based on the median-effect equation. The formulas of dose reduction index (DRI) and combination index (CI) for two drugs were as follows: DRI=D x /D and CI=(D) 1 /(D x ) 1 + (D) 2 /(D x ) 2 . D x was the dose of the drug alone that inhibited x%; D was the portion of each drug in combination that also inhibited x%. CI<1, =1 and >1 indicated synergism, an additive effect and antagonism, respectively; DRI>1 indicated an enhanced cytotoxicity for the drug combination. CalcuSyn software (version 2.0; Biosoft, Cambridge, UK) was used to realize the aforementioned process.
Wound healing assay. A549/DDP cells were seeded in 6-well plates at a density of 5x10 5 cells/well in 2 ml of medium overnight. Then the cell monolayer was scraped with a pipette tip to form a wound and washed gently with PBS. Cells were subsequently treated with indicated concentrations of DDP, BEZ235 or DDP combined with BEZ235. Wounds were imaged at 0 and 24 h following the scratch under a light microscope (magnification, x100; Leica Microsystems GmbH, Wetzlar, Germany).
Invasion assays. Cells in serum-free media (5x10 5 cells in 200 µl) were added to the upper chamber of an insert (8-µm pore size; Costar™; Corning Inc., Corning, NY, USA) coated with Matrigel (1:7 dilution; BD Biosciences, San Jose, CA, USA). Media (600 µl) containing 10% FBS were added to the lower chamber. Following 24 h, the non-invading cells were removed with a cotton wool. Cells that invaded through the Transwell filter were fixed with methylalcohol for 4 min, stained with 0.1% crystal violet for 7 min and imaged using a light microscope (Olympus Corp., Tokyo, Japan) at an x100 magnification. The number of cells in three random fields was counted.
Hoechst 33342 staining. A549/DDP cells were cultured on glass coverslips and treated with indicated concentrations of DDP, BEZ235 or DDP combined with BEZ235 for 48 h. Cells were fixed with 4% paraformaldehyde for 10 min at room temperature following treatment, followed by staining with 1 mg/ml Hoechst 33342 (Wanleibio Co., Ltd., Shanghai, China) at room temperature for 5 min. Following washing three times with PBS, the device was mounted with anti-fluorescence quenching agent (Beyotime Institute of Biotechnology) and cover-slipped. The cells were then immediately imaged using an Olympus BX43F fluorescent microscope (Olympus Corp.) at x400 magnification. The percentage of apoptosis rate was determined in each culture.
Flow cytometry. The apoptotic cells were quantified using an Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) apoptosis detection kit (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China). Briefly, A549/DDP cells were seeded in 6-well plates at a density of 4x10 5 cells/well in 2 ml of medium overnight. Following treatment with BEZ235 or DDP alone or in combination, cells were detached with EDTA-free trypsin and washed twice with cooled PBS and re-suspended in 500 µl binding buffer. The cells were then treated with 5 µl Annexin V-FITC followed by treatment with 5 µl PI at room temperature for 15 min in the dark. Fluorescence was determined by flow cytometry. Flow cytometric data were analyzed using the MACSQuantify software (version 2.4; Miltenyi Biotec GmbH, Bergisch Gladbach, Germany).
Western blot analysis. Following treatment with the selected compounds, the cells were collected and lysed in RIPA buffer (Beyotime Institute of Biotechnology) containing protease and phosphatase inhibitors (Beyotime Institute of Biotechnology). Protein concentrations were quantified using the bicinchoninic acid assay kit (Beyotime Institute of Biotechnology). Equal amounts of proteins (60 µg) were separated by 8% SDS-PAGE and transferred to nitrocellulose membranes (ExCell Biology). Following blocking with PBS containing 3% bovine serum albumin (BSA; Vicmed Biotech Co., Ltd., Xuzhou, China) for 1 h at room temperature, the membranes were incubated with primary antibodies, including anti-ERCC1 (1:1,000; cat. no. 4801; AbSci, Vancouver, WA, USA), anti-Akt (1:1,000; cat. no. 4685), anti-phospho (p)-Akt (Ser473; 1:1,000; cat. no. 4060), anti-mTOR (1:1,000; cat. no. 2983), anti-p-mTOR (Ser2448; 1:1,000; cat. no. 5536), anti-pro caspase-3 (1:1,000; cat. no. 9665) and anti-cleaved caspase-3 (1:1,000; cat. no. 9665; Cell Signaling Technology, Inc., Danvers, MA, USA), overnight at 4˚C. Equal lane loading was confirmed using a monoclonal antibody against β-actin (1:1,000; cat. no. AP0060; Bioworld Technology, Inc., Minneapolis, MN, USA). The membranes were washed three times with PBS-Tween (PBS-T) buffer for 15 min and incubated with Near-infrared fluorescence-conjugated secondary antibodies (1:1,000; cat. no. V926-32211; Vicmed Biotech) for 1 h. Following washing with the PBS-T buffer, the membranes were scanned with the Odyssey Infrared Imaging system (LI-COR Biosciences, Lincoln, NE, USA). The intensity of the bands was analyzed using ImageJ software (National Institutes of Health, Bethesda, MA, USA).
Statistical analysis.
All experiments were run in triplicate. All statistical analysis was performed using SPSS 16.0 (SPSS Inc., Chicago, IL, USA). Data are expressed as the mean ± standard error of the mean. The difference between the groups was analyzed using Student's t-test when only two groups were compared or one-way analysis of variance (ANOVA) followed by the least significant difference/Dunett-T3 tests when more than two groups were compared. P<0.05 was considered to indicate a statistically significant difference.
Results
Activation of the PI3K/Akt/mTOR pathway and ERCC1 upregulation are involved in the chemoresistance of A549/DDP 
cells.
To determine the chemoresistance ability of A549/DDP cells to DDP, an MTT assay was performed. The half-maximal inhibitory concentration (IC 50 ) of DDP in A549/DDP cells was 9.21-fold higher than that of A549 cells when treated with DDP for 48 h. Thus, A549/DDP cells demonstrated great resistance to DDP compared with A549 cells (data not shown). To analyze whether the PI3K/Akt/mTOR pathway and ERCC1 were involved in the chemoresistance of A549/DDP cells, western blotting was performed. As displayed in Fig. 1 , the activation of Akt and mTOR in A549/DDP cells was higher than that of A549 cells (P<0.01), and the levels of ERCC1 were significantly increased (P<0.01). The results demonstrated that the activation of the PI3K/Akt/mTOR pathway and ERCC1 upregulation were associated with A549/DDP cell drug resistance.
BEZ235 inhibits A549/DDP cell proliferation and enhances the chemotherapeutic effect of DDP. MTT assays revealed that DDP or BEZ235 treatment significantly reduced A549/ DDP cell viability. The IC 50 values of DDP and BEZ235 were 118.44 and 3.62 µM, respectively. To investigate whether BEZ235 sensitized and synergized DDP-induced lung cancer cell death, the A549/DDP cells were treated with BEZ235 combined with DDP at a 33:1 constant ratio according to their IC 50 for 48 h. The IC 50 values of BEZ235 and DDP were 0.26 µM and 8.72 µM, respectively, and the DRI of BEZ235 and DDP were 13.82 and 13.58, respectively. ( Fig. 2A) . Additionally, the CI values revealed synergistic effects between both drugs for almost all the concentrations tested. The lowest CI values was identified at 16.67 µM DDP and 0.5 µM BEZ235 (Fig. 2B) . Thus, the indicated DDP and BEZ235 concentrations were used in the subsequent experiments. These results indicated that BEZ235 synergistically suppressed cell proliferation and sensitized A549/DDP cells to DDP.
BEZ235 enhances the DDP-induced apoptosis in A549/DDP cells.
To determine whether the synergistic growth inhibition of DDP and BEZ235 resulted from apoptosis, A549/DDP cells were exposed to DDP and BEZ235, alone and in combination for 48 h. Evaluation of the apoptotic ratio was performed using AnnexinV-FITC/PI staining with flow cytometry. As displayed in Fig. 3A , compared with DDP or BEZ235 treatment alone, DDP and BEZ235 combination treatment induced an increase in the percentage of apoptotic cells: control, 5.68±0.59%; DDP, 15.04±1.36%; BEZ235, 10.58±0.68%; DDP and BEZ235 combination, 28.57±2.05%. To further confirm these findings, the effect of DDP and BEZ235 on caspase activity was examined by western blotting. The results revealed that, compared with the control group, treatment with DDP or BEZ235 induced cleaved-caspase-3 activation and decreased the pro-caspase-3 expression level (P<0.05 or P<0.01). Combination treatment significantly activated cleaved-caspase-3 and decreased the levels of pro-caspase-3 when compared with DDP or BEZ235 used alone (P<0.01; Fig. 3B ). The changes of nuclear morphology of A549/DDP cells were also observed under a fluorescence microscope by Hoechst 33342 DNA staining. The results revealed that the nuclei were intact and staining was less bright in the control group. However, A549/DDP cells treated with DDP or BEZ235 exhibited severe chromatin condensation and apoptotic body formation of the nuclei, and the nuclei were much brighter than that of the control group. In addition, the combination group exhibited significantly more apoptotic cells with condensed or fragmented nuclei than those treated with either DDP or BEZ235 alone (Fig. 3C) . These findings indicated that co-treatment with DDP and BEZ235 synergistically induced A549/DDP cell apoptosis.
BEZ235 restores the sensitivity of A549/DDP cells to DDP through downregulation of the PI3K/Akt/mTOR pathway and ERCC1 levels.
To investigate the molecular mechanism underlying the synergistic effect of DDP and BEZ235 in A549/DDP cells, western blotting was performed to analyze the relevant targets of the PI3K/Akt/mTOR signaling pathway and ERCC1 expression levels. Cells were treated with DDP and BEZ235 alone or in combination for 48 h, followed by western blot analysis. As displayed in Fig. 4A , DDP upregulated the level of p-Akt, p-mTOR and ERCC1 (P<0.01), compared with the control group, while BEZ235 significantly downregulated the phosphorylation level of Akt and mTOR, and reduced the expression of ERCC1 (P<0.01). Furthermore, compared with treatment with DDP alone, the combination of DDP and BEZ235 downregulated the level of p-Akt, p-mTOR and ERCC1 further (P<0.01). The levels of p-Akt/p-mTOR and ERCC1 in NSCLC were positively correlated, as determined by Pearson's correlation analysis (Fig. 4B ).
BEZ235 and DDP synergistically inhibit the migration and invasion abilities of A549/DDP cells.
Activation of Akt is associated with NSCLC invasion and migration, and our study demonstrated that Akt phosphorylation was upregulated in A549/DDP cells when treated with DDP. Several functional studies were performed to investigate whether BEZ235 enhanced the ability of DDP, and inhibited the migration and invasion of A549/DDP cells by downregulating Akt phosphorylation. A wound healing assay revealed that the rate of wound closure decreased significantly when treated with BEZ235 or DDP, and that compared with BEZ235 or DDP treatment, the combined treatment with BEZ235 and DDP inhibited the migration ability of A549/DDP cells further (P<0.01; Fig. 5A ). Similarly, Transwell assays indicated that BEZ235 or DDP treatment effectively reduced the invasion ability of A549/DDP cells, and the combination treatment exhibited a stronger effect (P<0.01; Fig. 5B ). These results demonstrated that BEZ235 and DDP have synergistic inhibitory effects on NSCLC in vitro.
Discussion
DDP has been extensively used in the treatment of various tumor types, including lung carcinoma. However, inherent and acquired drug resistance continues to be a major clinical problem in lung cancer management. Therefore, developing new therapeutic strategies to overcome drug-resistance is a key priority. In the present study, combination of BEZ235 with DDP enhanced the antitumor effects, and increased the sensitivity of drug-resistant lung cancer cell line A549/DDP to DDP.
BEZ235 is a synthetic low-molecular-mass imidazoquinoline compound that potently and reversibly inhibits PI3K and mTOR kinase activity by binding to the ATP-binding cleft of these enzymes (29) . Accumulating preclinical studies have demonstrated that NVP-BEZ235 has beneficial pharmaceutical properties as an anticancer agent. It was previously reported that NVP-BEZ235 exhibited promising therapeutic activity in various types of cancer when used alone or combined with agents other than DDP (25, 30) . In the present study, BEZ235 also demonstrated strong antitumor activity in MTT assays. The combination of the two drugs significantly inhibited cell viability of the A549/DDP lung cancer cell line. Consistent with its anti-proliferative effects, co-treatment of BEZ235 with DDP was more effective in inhibiting cell migration and invasion than DDP or BEZ235 administered alone. In addition, the CI value was <1 for almost all the concentrations tested. These results indicated that the PI3K/mTOR dual inhibitor BEZ235 synergistically potentiated the antitumor effects of DDP in A549/DDP cells.
DDP is a platinum drug. The mechanism of action of DDP is thought to be the platinum interstrand and intrastrand crosslinks that form DDP-DNA adducts, which interfere with DNA replication and transcription, resulting in DNA fragmentation and error coding, eventually triggering cell death (31) . Although the mechanisms of platinum resistance are not clearly understood, NER appears to play an important role in mediating platinum resistance or sensitivity to platinum chemotherapeutic agents in cancer treatment. ERCC1, an important component required for NER, is involved in repair of the intra and inter-strand DNA crosslink caused by platinum-based treatment. In addition, it has been reported that ERCC1 expression was significantly elevated by DDP treatment in several tumor types, but data on the role of ERCC1 in NSCLC are still limited and are contradictory (32, 33) . In the present study, the results revealed that the ERCC1 expression level was significantly higher in A549/DDP cells treated with DDP than that of the control group, whereas BEZ235 or co-administration of BEZ235 and DDP significantly decreased the level of ERCC1 expression compared with DDP treatment alone, indicating that BEZ235 blocked DDP-induced ERCC1 protein expression. Therefore, this indicated that the enhancement of DDP sensitivity by BEZ235 was at least, partly attributed to downregulation of ERCC1 expression in A549/ DDP cells, thus leading to the reduction in the proficiency to repair DDP-induced DNA damage.
To explore the potential relationship between the PI3K/ Akt/mTOR pathway and ERCC1 expression, the expression of PI3K/Akt/mTOR pathway proteins was analyzed by western blotting. The findings revealed that the levels of p-Akt and p-mTOR in A549/DDP cells were much higher than that of A549 cells, indicating that the PI3K/Akt/mTOR pathway is activated in A549/DDP cell lines. As A549/DDP cells were treated with BEZ235 and DDP alone or in combination for 48 h, the phosphorylation levels of Akt and mTOR were upregulated when treated with DDP alone. However, treatment with BEZ235 alone or in combination with DDP significantly decreased the phosphorylation levels of Akt and mTOR in A549/DDP cells compared with DDP treatment alone. Notably, the combination of DDP and BEZ235 did not further reduce the phosphorylation levels of Akt and mTOR in A549/DDP cells. In addition, the phosphorylation levels of Akt and mTOR and ERCC1 in A549/DDP cells were positively correlated as determined by Pearson's correlation coefficient analysis. The current findings have not determined the mechanism regarding the effects of BEZ235, however there are two possibilities: i) downregulation of ERCC1 protein expression may be an important event subsequent to the inhibition of the Akt/mTOR signaling pathway by BEZ235 in A549/DDP cells; and ii) BEZ235 may decrease the ERCC1 protein expression by other or unknown mechanisms. Based on these observations, inhibition of the PI3K/Akt/mTOR signaling pathway by BEZ235 may result in a downregulation of ERCC1 expression that enhances the chemosensitivity of A549/DDP cells, and overcome resistance to DDP, but the detailed relationships involved warrant further elucidation.
Apoptosis is an ordered and orchestrated cellular process that occurs in physiological and pathological conditions. Numerous studies have illustrated that disordered apoptosis has been associated with the development of many types of solid cancer, including lung, breast, prostate, bladder and ovarian cancer (34) (35) (36) . Besides enhancement of the repair of DDP-caused DNA damage by ERCC1, impaired DDP-induced apoptosis has also been implicated in the development of the DDP-resistance in the treatment of solid malignancies (37, 38) . Therefore, apoptosis induction has become a popular target of many treatment strategies in a wide variety of tumor cells (39, 40) . To determine whether the synergistic growth inhibition of BEZ235 and DDP resulted from apoptosis, A549/DDP cells were exposed to BEZ235 and DDP, alone and in combination for 48 h, and apoptosis was evaluated by flow cytometric analysis and Hoechst 33342 DNA staining. Consistent with its anti-proliferative effects, co-administration of BEZ235 with DDP significantly increased the apoptosis of A549/DDP cells compared with cells treated with either BEZ235 or DDP alone, indicating that combination of BEZ235 and DDP was more effective in inducing apoptosis of A549/DDP cells. It is generally accepted that synergy is achieved through a cooperation of two agents functioning via distinct mechanisms. The activation of the PI3K/Akt/mTOR pathway in A549/DDP cells promoted cell growth, survival and proliferation, and inhibited cell apoptosis. BEZ235 treatment induced A549/ DDP cell apoptosis via inhibition of the PI3K/Akt/mTOR pathway. Notably, in the present study DDP treatment activated the Akt/mTOR signaling pathway as reflected by the increased levels of Akt and mTOR phosphorylation in A549/ DDP cells, and the combination of DDP and BEZ235 did not further reduce the phosphorylation levels of Akt and mTOR when compared with BEZ235 treatment alone, indicating that inhibition of the Akt/mTOR signaling pathway by BEZ235 is not the only mechanism involved in promoting cell apoptosis. DDP is known to induce apoptosis following DNA damage by propagation of DNA damage recognition signals to downstream pathways, including nuclear factor-κB, p53, p73, MAPK and mitochondria-related apoptosis signaling pathways (38, (41) (42) . Therefore, treatment with BEZ235 and DDP may synergistically induce apoptosis via the activation of complex signaling cascades in A549/DDP cells, and the exact mechanism of this synergy requires further investigation.
Caspases are central to the mechanism of apoptosis as they are both initiators and executioners. Caspase-3 is involved in both the intrinsic and extrinsic apoptotic pathways. It cleaves the inhibitor of the caspase-activated deoxyribonuclease, which is responsible for nuclear apoptosis (43) . To further investigate the mechanism of co-treatment in the promotion of apoptosis of A549/DDP cells, the activity of caspase-3 was examined by western blotting. The results of the present study revealed that the combination of BEZ235 and DDP significantly enhanced cleaved-caspase-3 activation and decreased pro-caspase-3 expression level when compared with DDP or BEZ235 used alone. Consistent with this observation, Yu et al (44) reported that BEZ235 can increase the expression of caspase-3 in human glioma stem cells. Bhende et al (45) reported that BEZ235treated follicular lymphoma cells had a 1.6-2-fold increase in caspase-3 activation following 24 h of incubation with the drug, compared with cells treated with the vehicle alone. The results of the present study supported this notion that BEZ235 synergistically induced apoptosis via a caspase-3-dependent pathway in A549/DDP cells. In addition, the results in the present study revealed that A549/DDP cells, which have a high level of ERCC1 expression, exhibited decreased apoptosis, and that A549/DDP cells co-treated with BEZ235 and DDP, in which the level of ERCC1 expression was reduced, exhibited an increased susceptibility to apoptosis. This observation indicated that the level of ERCC1 expression may be associated with the antitumor effects of DDP chemotherapy.
In summary, the findings of the present study demonstrated that BEZ235 increased the chemosensitivity to DDP in DDP-resistant lung cancer cell line A549/DDP, and BEZ235 combined with DDP may be a promising NSCLC therapy. The results may help in overcoming resistance to DDP and developing novel therapeutic strategies for patients with advanced NSCLC.
